Erratum: "Thermochromic VO2 nanorods made by sputter deposition: Growth conditions and optical modeling" [J. Appl. Phys. 114, 033516 (2013) Reactive dc magnetron sputtering onto glass-based substrates yielded deposits of thermochromic VO 2 with well-developed nanorods and nanowires. Their formation was promoted by high substrate temperature (above $500 C), sufficient film thickness, proper inlet of the reactive gas, dispersed gold "seeds," and pronounced substrate roughness. Rutherford back scattering ascertained mass thicknesses, scanning electron microscopy depicted the nanostructures, and glancing incidence X-ray diffraction proved that single-phase VO 2 was normally formed. Spectrophotometric measurements of total and diffuse transmittance and reflectance on VO 2 thin films, at room temperature and $100 C, allowed us to determine complex dielectric functions below and above the "critical" temperature for thermochromic switching ($68 C). These data were then used in computations based on the Bruggeman effective medium theory applied to randomly oriented prolate spheroidal structural units to derive the optical properties of the deposits. Experimental and computed data on spectral absorptance were found to be in good qualitative agreement. V C 2013 AIP Publishing LLC. [http://dx
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I. INTRODUCTION
This paper presents a comprehensive study on thermochromic VO 2 nanorods and nanowires prepared by sputter deposition and discusses the critical nature of their growth conditions as well as modeling of their optical properties by effective medium theory.
Vanadium dioxide undergoes a reversible metal-insulator transition at a "critical" temperature s c of 68 C. 1 The lowtemperature phase is monoclinic, semiconducting, and infrared transparent, while the high-temperature phase is tetragonal, metallic, and infrared-reflecting. The exact nature of the metal-insulator transition has remained elusive and is of continuing scientific interest; recent work has emphasized the significance of electron-electron interactions associated with a Mott-Hubbard transition and/or electron-phonon interactions associated with a Peierls mechanism.
2-9 The value of s c can be changed by substitutional doping, for example by replacing some vanadium by tungsten, 10 and well-crystallized W x V 1Àx O 2 films with x % 0.02 can have s c % 20 C; 11 doping with atomic hydrogen is another possibility. 12 The magnitude of the resistance change at s c depends on the degree of crystallinity, and epitaxial films can display a difference of three to four orders of magnitude. 13 The luminous transmittance can be boosted by magnesium substitution 14, 15 and by fluorination. 16 The metal-insulator transition can be influenced by a variety of external parameters, and recent work has considered the effects of strain [17] [18] [19] and lattice misfit with the substrate, 20, 21 electric field or current activation, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] light irradiation, [32] [33] [34] [35] [36] [37] [38] ion bombardment, 39, 40 and gaseous ambience. 41 Considering the wealth of possibilities to modulate the properties of VO 2 -based thin films, it is not surprising that they are discussed for a vast number of applications such as thermochromic "smart" windows for energy efficient buildings, [42] [43] [44] [45] [46] [47] [48] [49] [50] variable-thermal-emittance surfaces for thermal radiation control, 51 oscillators and switches in (opto)electronics, 25, 26, 34, 52, 53 transistors of different types, 30, 54, 55 microcantilevers, 56, 57 memory elements, 58 infrared imaging devices 36 and spatial modulators for electromagnetic radiation, 37, 59 (micro)bolometers, [60] [61] [62] [63] and sensors for humidity 64 and gas. 41 It was recently realized that nanothermochromisminvolving VO 2 -based nanoparticles-can entail optical properties of primary interest for energy efficient fenestration. 11, [65] [66] [67] Consequently, it is of great importance to develop efficient methods to prepare such nanoparticles in large quantities and over extended surfaces. In fact, there have been numerous prior studies on VO 2 -based nanoparticles, and recent investigations have been conducted with hydrothermal/solvothermal/ colloidal techniques, 27, 49, 50, 64, vapor transport, 56, [109] [110] [111] [112] [113] [114] [115] anodization, 116 polymer-assisted deposition, 117, 118 and templating. 29, 119 References to earlier studies on the manufacturing of nanostructured VO 2 -based materials can be found elsewhere. 65, 66 Most of the work reported so far has dealt with materials preparations requiring long times for sample growth and/or post treatment or being suitable for small batches and small surfaces. However, it was recently demonstrated by Cheng et al. 120 that "simple" thermal evaporation could yield highquality VO 2 nanowires on roughened quartz substrates preferably heated to temperatures between 800 and 850 C. In a)
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II. SAMPLE PREPARATION
Nanorods and thin films of VO 2 were prepared by reactive dc magnetron sputtering in a versatile deposition system based on a Balzers UTT 400 unit. The deposition chamber was evacuated to 6.3 Â 10 À7 mbar, and 80 ml/min of argon and 5 ml/min of oxygen (both 99.997%) were then introduced through mass-flow-controlled regulators; the total pressure was maintained at 1.2 Â 10 À2 mbar. Sputtering took place from a 5-cm-diameter target of vanadium (99.5%) at a power of 172 W. The substrates were of three kinds: (i) 1-mm-thick glass slides (Thermo Scientific), (ii) such glass coated with 4.2-nm-thick gold films sputter-deposited at room temperature, and (iii) glass coated with $50-nm-diameter silica "nanopillars" prepared by glancing angle deposition and having gold "caps," as reported elsewhere 123 (cf. Fig. 5 below) . The latter substrate was included since large surface roughness is known 120 to have a beneficial influence on VO 2 growth. The gold films were non-uniform, as expected from their small mass thickness. [124] [125] [126] [127] The substrates were maintained at 450 6 10 or 550 6 10 C during the depositions, as estimated from thermocouple-based recordings, and were rotated at 30 to 60 rpm. The substrate-target separation was 13 cm, and the angle between the normals to the substrate and target was 50 . The O 2 inlet was found to be important for the samples, and we used three arrangements as illustrated in Fig. 1 : (a) a simple downwards-pointing tube located centrally above the substrate, (b) a perforated toroidal gas inlet with holes obliquely facing the substrate, and (c) the same gas inlet with the holes obliquely directed away from the substrate.
In all, we prepared more than 30 samples under a large variety of deposition conditions and selected 11 of them for closer examination. Their preparation characteristics are summarized in Table I , where the second, third, fourth, and fifth columns indicate specific gas inlet arrangement (cf. Fig. 1 ), substrate temperature s s during deposition, substrate type, and mass thickness, respectively. The final column indicates the prevailing film morphology, as illustrated and discussed below.
III. STRUCTURE AND COMPOSITION
A. Rutherford backscattering spectrometry Samples 1, 2, 7, and 9 were investigated by Rutherford backscattering spectrometry (RBS) at the Uppsala Tandem Laboratory, employing 2 MeV 4 He ions backscattered at an angle of 170
. Figure 2 shows measured RBS spectra as well as data fitted to a model of the deposit-substrate system by use of the SIMNRA program. 128 RBS data yield the stoichiometry and the number of atoms per area unit, which combined with thickness measurements (see below) can be used to determine the density of the sputter deposited films. The compact VO 2 film, referred to as sample 1, had 550 Â 10 15 atoms/cm 2 and its observed . This is about 11% smaller than the density 4.571 Â 10 3 kg/m 3 for bulk crystalline monoclinic VO 2 ; a reduced density is expected in sputter-deposited films as a consequence of structural imperfections such as grain boundaries, vacancies, and incorporated gas molecules. Mass thicknesses d for samples 2, 7, and 9 were determined from RBS data, assuming the same density as in sample 1, and mass thicknesses for the remaining samples were inferred from scaling with deposition time. These thicknesses are reported in Table I and are judged to be accurate to 65%.
The analysis using the SIMNRA program allows assessment of sample inhomogeneity, and the asymmetrical vanadium peak exhibited by samples 2, 7, and 9 (Figs. 2(b)-2(d))-especially for samples 7 and 9-gave evidence for strong fluctuations in the area density of vanadium atoms, as expected for deposits comprised of nanorods and nanowires. Sample 1, on the other hand, displayed a symmetrical vanadium peak ( Fig. 2(a) ), which signals homogeneity.
B. Scanning electron microscopy
All of the samples listed in Table I were studied by scanning electron microscopy (SEM), specifically using a LEO 1550 FEG Gemini instrument with an acceleration voltage of 10 to 15 kV. Imaging was done in three ways: (i) with the electron beam perpendicular to the sample surface, (ii) with the sample's surface normal tilted 70 off the beam direction, and (iii) for the cross-section of a fractured sample. The latter measurements yield a "geometrical" sample thickness, which exceeds d for samples with pronounced nanofeatures. Figure 3 shows SEM micrographs for samples 1-6, which were prepared with downward-directed gas flow. Panels (a) and (b) refer to samples 1 and 2, which were deposited with approximately the same values of s s % 450 C and d % 62.5 nm, on identical glass substrates, but with different arrangements for the gas inlet. The average grain sizes of the VO 2 deposits differ significantly and were $28 nm for the tube inlet ( Fig. 1(a) ) and $45 nm for the toroidal inlet ( Fig. 1(b) ), implying that the morphology is critically dependent on the detailed deposition conditions. Samples 3 and 4, reported on in Figs. 3(c) and 3(d), have similar magnitudes of s s % 550 C and d % 34 nm, employed the same type of gas inlet ( Fig. 1(b) ), but were grown on different types of substrates; sample 3 was deposited onto bare glass and sample 4 onto gold-seeded glass. Again the sample morphologies are markedly different, and the deposit on glass showed elongated grains with maximum lengths of $200 nm, whereas the deposit on gold displayed grains with lengths up to $500 nm. There is also a clear dependence on the deposit thickness, as found for samples 5 and 6 depicted in Figs. 3(e) and 3(f). These samples have d % 68 nm, i.e., they are twice as thick as samples 3 and 4 but were otherwise identical with regard to deposition parameters. The most noteworthy difference is between Figs. 3(d) and 3(f), referring to deposits on gold-seeded glass, and demonstrates that the deposit attains a decidedly rod-like character at d % 68 nm whereas rods are much less prevalent at d % 34 nm. A close inspection of Fig. 3(d) shows that many of the rods have "caps" of gold, which suggests that VO 2 has grown from underneath the gold seeds. The substrate temperature is another important factor, and a comparison of C shows that high substrate temperature facilitates a structure comprising elongated grains. Summarizing some of the main results in Fig. 3 , one finds that the growth of VO 2 nanorods is promoted by high substrate temperature, large deposit thickness, and gold seeding. Figure 4 depicts SEM images recorded on samples 7-10 prepared at s s % 550 C with obliquely upwards-directed gas flow ( Fig. 1(c) ). The first column of micrographs was taken with the electron beam perpendicular to the sample surface, the middle column with the sample's surface normal tilted 70 off the beam direction, whereas the right-hand column shows cross-sections of fractured samples. The first and third rows of images refer to depositions onto bare glass and the second and fourth (bottom) rows refer to gold-seeded glass.
Comparing the SEM micrographs in Fig. 4 for deposits on bare and gold-seeded glass, it is again apparent that gold promotes the formation of well-developed VO 2 nanorods and nanowires. In particular, it is noteworthy that nanorods exceeding 5 lm in length could be produced with considerable density for s s % 550 C and d % 102 nm, as apparent from Fig. 4(j) . Furthermore, it is interesting to compare data for samples 7 and 8 (Figs. 4(a), 4(b), 4(d) , and 4(e)) with data for samples 5 and 6 (Figs. 3(e) and 3(f) ); the former samples were prepared with a toroidal gas inlet with perforation directed obliquely away from the substrate (Fig. 1(c) ), while the latter samples used the same gas inlet though with perforation obliquely facing the substrate (Fig. 1(b) ), while all of the samples were made with the same values of s s % 550 C and d % 68 nm. This comparison demonstrates once again that details of the gas inlet play a pervasive role for the nanostructure of the deposits, and it is evident that nanorods and nanowires are better developed when the oxygen is directed obliquely away from the substrate. The cross-sectional SEM micrographs in Figs. 4(c), 4(f), 4(i), and 4(l) give striking evidence for nanorod and nanowire formation and also indicate that the deposits exhibit a two-layer structure with a highly porous top layer and a much more compact bottom layer. Figure 5 shows cross-sectional views of sample 11 for which sputter deposition took place onto a substrate with silica "nanopillars" having gold "caps" as indicated in panel (c). The simple gas inlet in Fig. 1(a) was used, together with s s % 450 C. Despite the small mass thickness d % 34 nm, the deposit has developed nanowires more than two micrometers in length, which reiterates the large importance of the substrate conditions.
C. X-ray diffractometry
Grazing incidence X-ray diffraction (GIXRD) measurements were done for diffraction angles in the 10 < 2h < 80 range and at room temperature by use of a Siemens D5000 Th-2Th instrument. Data are shown in Fig. 6 for samples 1, 2, 7, and 9; the diffractograms are found to agree well with the standard pattern for monoclinic VO 2 with space group P21/c. 129 Rietveld refinement 130 was performed on the GIXRD spectra using the PowderCell 2.3 program 131 and suggested that samples 7 and 9 are consistent with the March-Dollase model 132 and exhibit moderate preferential growth in the (100) direction. Sample 9 displayed some additional tiny diffraction peaks for 2h. Those 
IV. OPTICAL PROPERTIES A. Measured data and evaluated complex dielectric function
Spectral total transmittance T(k) and reflectance R(k), as well as spectral diffuse transmittance T d (k) and reflectance R d (k), were measured in the 300 < k < 2500 nm wavelength interval by use of a Perkin-Elmer Lambda 900 double-beam spectrophotometer equipped with a BaSO 4 -coated integrating sphere. Data were recorded for normal incidence at room temperature and at 100 C, where the latter temperature is well above s c . The diffuse components represent light that was not specularly reflected or transmitted through the sample, as elaborated elsewhere. 136 Our reflectance standard was a plate coated with BaSO 4 . Figure 7 shows T(k) and R(k) for samples 1, 2, 7, and 9. The former three of these have roughly the same mass thickness, whereas sample 9 is thicker. Thermochromism is evident, as expected, and the infrared transmittance is FIG. 5 . Panels (a) and (b) show scanning electron micrographs (cross-sectional views) for VO 2 sample 11, grown under the conditions stated in Table I , and provides an overview image as well as a magnification of the substrate and the lower part of some of the nanowires, respectively. Note that the magnifications are different for these two images. Panel (c) is a schematic rendition of the investigated sample.
FIG. 4. Scanning electron micrographs
for VO 2 samples 7-10 grown under the conditions stated in Table I . Left-hand, middle, and right-hand columns refer to top views, imaging at 70 between electron beam and sample normal, and cross-sectional views, respectively. Note that the magnifications differ among the various images.
decreased above s c while the infrared reflectance is then increased.
The magnitude of the diffuse components of the transmittance and reflectance is interesting since the analysis to be presented below does not account for them, and also because diffuse optical properties ("haze") may be undesired for practical applications such as in windows. Figure 8 reports R d (k) and T d (k) as measured at room temperature for samples 2, 7, and 9 and shows that the diffuse components can be as large as $12% for R d (k); the spectra were peaked at a wavelength between 400 and 600 nm. Samples 7 and 9 display welldeveloped nanofeatures, as seen in Fig. 4 , and hence the optical scattering is by no means unexpected. The drop of the diffuse components at the shortest wavelengths is due to absorption in VO 2 , and the decline towards longer wavelengths occurs because the ratio between the size of the nanofeatures and the wavelength then gets progressively smaller.
Data on T(k) and R(k) for sample 1 were employed to compute spectral complex dielectric function e VO2 (k) using commercial software 137 with allowance for a rough surface layer on top of a compact base layer and also including effects of somewhat different reflectance data from the substrate side and the film side of the sample. Figure 9 shows the real and imaginary parts of e VO2 (k) and compares our results with those earlier reported in the literature. [138] [139] [140] [141] [142] Clearly the agreement among the data is satisfactory.
B. Theoretical models SEM images of the VO 2 deposits, shown in Figs. 3 and 4, were used to formulate structural models which were amenable to calculations of the optical properties for samples 1, 2, 7, and 9 by use of thin film optics. 143 The modeling involves a number of uncertainties, and it does not aim at giving a fully quantitative theoretical representation of the optical properties but rather to explore whether theory and experiment can be brought in qualitative agreement.
Sample 1 is straightforward and can be viewed as a uniform slab of VO 2 characterized by d ¼ 62. Table I . Data were taken at room temperature. Table I , in semiconducting and metallic states. and must be described as two-layer structures with a top layer, characterized by a small filling factor f t and a thickness d t , overlying a base layer represented by f b and d b ; these parameters obey the relationship
The shapes and orientations of the nanofeatures are important too. We take the orientations to be random and the shape to be represented by the ratio between the largest and smallest axis of prolate spheroidal ("cigar shaped") units. This ratio is referred to as the "aspect ratio" and is denoted m t and m b for the top and base layers, respectively. Close examinations of the SEM images now allow us to assign approximate values to the various parameters, as summarized in Table II . The optical properties of the top and base layers were accounted for by effective medium theory, which represents their dielectric functions by spatial averages over the properties of the particles e p and of their surrounding medium e m . 144 Specifically, we used the Bruggeman (BR) formulation, 145 which is appropriate to a random mixture of topologically identical components. 144 This topology seems most appropriate for the relatively dense base layers. Regarding the top layer, one may argue that the sparse VO 2 nanoparticles are embedded in a continuous surrounding mediumwhich would motivate the use of the Maxwell-Garnett-type effective medium theory 146 -but the values of f t are so small that the Bruggeman and Maxwell-Garnett theories are predicted to give practically indistinguishable results. Effective medium theory does not account for optical scattering, but the diffuse components of the reflectance and transmittance, shown in Fig. 8 , were reassuringly small so as to make our theoretical approach meaningful. The BR theory gives the effective dielectric function e BR by where we use the same notation as in earlier papers. 65, 67, 147, 148 Here, the L i s represent triplets of depolarization factors with L 1 < L 2 ¼ L 3 and obeying RL i ¼ 1. For the present case of prolate spheroids, one has 149
e ¼ ½1 À m À2 1=2 :
As input parameters in Eqs. (2) and (3), we use e p e VO2 according to Fig. 9 together with e m ¼ 1. Thus, we do not invoke any size dependence in e p -as would be required for noble-metal-based particles 147, 150 -since the mean free path of the conduction electrons in VO 2 is of the order of inter-atomic distances. [151] [152] [153] C. Comparison of theoretical and experimental data Figure 10 compares experimental and computed data, specifically the spectral absorptance
for four samples. Concerning the experimental results in panel (a), we note that the relatively dense samples 1 and 2 show almost identical absorptance over the whole measured spectral range for both semiconducting and metallic states. This can be compared with A(k) for sample 7, containing nanorods, which shows increased absorption at 300 < k < 1500 nm for the semiconducting state and a flat upwards shift in the whole spectral range for the metallic state. Sample 9, with nanorods and nanowires, displays an absorptance spectrum similar to that of sample 7 but with significantly increased values over the entire investigated wavelength range, as expected from the difference in mass thickness.
Calculated spectral absorptance is reported in Fig. 10 (b) and shows good agreement with the experimental optical data for samples 1 and 2. Furthermore, the calculations exhibit an increasing trend of A(k) as the nanorod content is increased, which is consistent with the experimental data. Especially, the uniform upwards shift at 1000 < k < 2500 nm, which was apparent in the experimental absorptance for the metallic states of samples 7 and 9, is represented very well by the model. However, the computations display somewhat more pronounced spectral features than the experiments, especially for the semiconducting state. In particular, the absorptance in the ultraviolet and visible ranges for sample 9 clearly exceeds the corresponding calculated result. These effects may be due to the presence of defects, such as an excess of oxygen that is Table I , and panel (b) reports data obtained from the theoretical model computations and using model parameters given in Table II. FIG. 11. Spectral absorptance measured for VO 2 -based sample 7, grown under the conditions shown in Table I , and obtained from the theoretical model computations and using d t , d b , f t , and f b given in Table II likely to be present at high deposition temperature, 154 or to absorption enhancement by multiple light-scattering.
It is worth noting that effective medium theory could no longer fully describe the optical properties in the short wavelength range for samples 7 and 9, which is understandable since the diffuse transmittance and reflectance were not negligible, as apparent from Fig. 8 .
The theoretical models contain numerous parameters, and it is essential to ascertain that the results in Fig. 10 are neither fortuitous nor critically sensitive to the choice of parameter values. To this end we selected sample 7 for in-depth analysis and carried out calculations not only for m t ¼ m b ¼ 3, as before, but also for aspects ratios of 1 (spheres) and 10. Figure 11 demonstrates that the role of the nanorod shape is minor. We also analyzed sample 7 by calculations regarding the effect of (i) having only the base layer on the glass substrate, (ii) having nothing but the top layer, and (iii) assuming that all of the VO 2 is accounted for by the base layer. Figure 12 shows that the absorption of the top layer alone is not negligible, but when this layer is added to the base layer there is a reduction of the light available for absorption in the base layer, the net effect being that the total absorption in the metallic state within the doublelayer model yields merely a minor increase, on the scale of $0.04 for the near-infrared absorption, compared with the case of having the base layer encompass all of the VO 2 . In the semiconducting state, the contribution of the top layer is even smaller. The main conclusion from the data presented in Figs. 11 and 12 is that the results inferred from Fig. 10 are reliable and not dependent on the details of the theoretical models.
V. CONCLUSION AND REMARKS
This work has demonstrated that reactive dc magnetron sputtering is a viable technique for preparing deposits of VO 2 nanorods and nanowires. Their formation was found to be strongly influenced by several deposition conditions: (i) the substrate temperature should be relatively high and 550 C was superior to 450 C, (ii) the deposit thickness should be large enough and our best data were obtained for the thickest layer with a mass thickness of $100 nm, (iii) a thin layer of gold seeds promoted nanorod and nanowire formation, (iv) nanostructuring of the substrate facilitated nanowire formation, and (v) the "gas geometry"-i.e., the provisions for reactive gas inlet in the sputter chamber-was of large significance.
The growth conditions leading to VO 2 nanorods and nanowires are unclear but may be related to the mechanisms underlying high-temperature glancing angle deposition (known as "HT-GLAD"). [155] [156] [157] [158] [159] For the case of metal nanowires, the substrate temperature should be higher than about one third of the metal's melting point and the deposition angle typically should exceed 80 with regard to the substrate normal. For the VO 2 nanowires in the present study, we expect that the relative magnitude of the fluxes of vanadium atoms and oxygen molecules plays a decisive role. These aspects, and their interpretation in terms of HT-GLAD, will be treated in a forthcoming publication. The beneficial effect of gold seeds may be related to the well-known gold-catalyzed vapor-liquid-solid growth mode of semiconductor nanowires. 160 The spectral absorptance of our deposits could be reconciled with an effective medium treatment based on the Bruggeman theory and using empirical data on the complex dielectric function of VO 2 .
FIG. 12. Spectral absorptance measured for VO 2 -based sample 7, grown under the conditions shown in Table I , and obtained from the theoretical model computations and using the model parameters given in Table II (marked as "double layer on glass"). Also reported are computational results for a 125-nm-thick base layer on glass, a 125-nm-thick top layer alone, a 137-nm-thick film (with the total amount of VO 2 encompassed by the double layer model) having the same structure as the base layer. Panels (a) and (b) refer to semiconducting and metallic states, respectively. The experimental data were shown also in Fig. 10 .
